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Abstract: The present work was targeted to design a surface against cell seeding and adhering
of bacteria, Bacillus subtilis. A multi-walled carbon nanotube/titanium dioxide nano-power was
produced via simple mixing of carbon nanotube and titanium dioxide nanoparticles during
the sol-gel process followed by heat treatment. Successfully, quercetin was immobilized on the
nanocomposite via physical adsorption to form a quercetin/multi-walled carbon nanotube/titanium
dioxide nanocomposite. The adhesion of bacteria on the coated-slides was verified after 24 h using
confocal laser-scanning microscopy. Results indicated that the quercetin/multi-walled carbon
nanotube/titanium dioxide nanocomposite had more negativity and higher recovery by glass surfaces
than its counterpart. Moreover, coating surfaces with the quercetin-modified nanocomposite lowered
both hydrophilicity and surface-attached bacteria compared to surfaces coated with the multi-walled
carbon nanotubes/titanium dioxide nanocomposite.
Keywords: titanium oxide nanoparticles; quercetin; multi-walled carbon nanotube; bacterial
adhesion; biofilm; hydrophilicity; bacillus subtilis
1. Introduction
Designing surfaces for controlling biofilm development has become an important scope for both
detrimental and beneficial biofilm technologies. Biofilms are surface-associated microbial communities
encased in a self-produced extracellular polymeric substance (EPS) [1]. They can develop everywhere
on almost all natural materials [2] like rock [3], sand [4], soil [5], skin, teeth, plants, etc. Also, artificial
surfaces [6,7] such as plastics [8], glasses [9] and metals [10] are suitable substrata for biofilm
formation. In water and wastewater treatment facilities, they are causative agents for corrosion [11] and
contamination [12]. In addition, they reduce efficiency of heat exchangers [13]. On ship hulls, marine
fouling results from the aggregation of microbial biofilms and larger marine organisms, can upsurge
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the fuel cost of seafaring vessels [14]. Besides these dramatic impacts, biofilms have an increased
resistance to antimicrobial agents compared to plankton counterparts. The biofilm architecture
could contribute to resistance by exclusion of biocides from the bacterial community. They can also
develop biocide-resistant phenotypes due to the heterogeneity of the single biofilm community [15].
Therefore, on one hand, intensive research activities were directed to develop techniques for
overcoming microbial biofilm-related problems in most industrial systems. On another hand, biofilms
have useful aspects in various environmental applications. The surface-attached biomass can degrade
organic materials or adsorb heavy metals [16] quicker than activated sludge [16,17]. In addition,
biofilms have a higher stability towards the toxic pollutants and variable conditions due to EPS.
The smaller volume of biomass and the lower economic value of the wastewater treatment process
are added value of applying biofilms in such sectors [18]. Furthermore, certain bacteria can transfer
electrons from the microbial cell to an electrode or vice versa instead of a natural redox partner.
These electroactive bacteria can form electroactive biofilms on conductive materials resulting in a
direct electrochemical connection with the electrode surface while using it as electron exchanger
without the aid of mediators. Therefore, these biofilms are used in microbial fuel cells (MFCs) for
generating energy via treating wastewater [19]. Basically, in MFCs, bacteria adhere to the surface
of the anode (the negative electrode) forming biofilms. Such a bio-electrode acts as a catalyst to
convert the chemical energy of the organic molecule into electrons [19–22]. Therefore, optimizing
the surface and microbial interaction is one of the most effective factors for inhibiting or inducing
biofilms and, in turn, many of their applications. Generally, bacterial adhesion to a substratum is
controlled by different factors including attraction, i.e., van der Waals forces, repulsion, i.e., steric
interactions and electrostatic forces, and thermodynamics, i.e., hydrophobic/hydrophilic and osmotic
interactions [23]. Therefore, bacterial surface-adhesion and subsequent biofilm formation is controlled
by surface topography [23]. Indeed, carbon nanotubes (CNTs) are anode materials that express
anti-corrosive activity, biocompatibility and chemical and microbial stability. Moreover, they have high
conductivity, surface area, mechanical strength and toughness. However, their nanoscale topology was
described to frustrate bacterial adhesion due to reducing the contact area [24] and inducing repulsive
forces for bacterial cells [25]. Besides, the antimicrobial and anti-biofilm activity of CNTs can prevent
bacterial adhesion. The chemical decoration of CNTs by titanium oxide nanoparticles (TiO2 NPs) [9]
can improve their extraordinary electrical, mechanical, thermal properties and wettability conversion
behavior of CNTs/TiO2 [26]. Particularly, CNTs were reported to create a special confinement
of TiO2 and large supporting surface areas, leading to faster reaction rates. Although TiO2 NPs
showed no anti-microbial activity in dark condition [27], they promote anti-adhesive efficiency
against bacteria [9]. Therefore, immobilized biomolecules in tailor-made nanoscale architectures can
significantly advance their behavior [28]. Quercetin (Q), a widely distributed flavonoid, forms H-bonds
that increase its surface adsorption properties [29]. Likewise, Q was reported to be thermally stable [9],
electro-chemically active [30] and biologically safe [31]. Also, it provided a suitable surface for bacterial
adhesion [9]. Because most of natural biofilms are mixed microbial communities, single-species biofilms
were used as model bacteria. Over the past decade, Bacillus subtilis has been considered the bacterium of
choice to be the studied as a Gram-positive model of beneficial biofilm applications. In addition to being
non-pathogenic, B. subtilis cells are capable of forming dormant spores that are resistant to extreme
conditions, and thus, can be easily formulated and stored [32]. Therefore, the aim of the present work
was directed to study the effect of nano-coating using titanium dioxide-decorated multi-walled carbon
nanotubes (MWCNTs/TiO2) and its Q-modified nanocomposite quercetin/titanium dioxide-decorated
multi-walled carbon nanotubes (Q/MWCNTs/TiO2), in respect to their wettability, on the microbial
adhesion of B. subtilis. To our knowledge, this study can be considered the first to prepare and report
the proliferative activity of quercetin/multi-walled carbon nanotube/titanium dioxide nanocomposite
for bacteria.
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2. Results
Morphological and spectroscopic characterization of the prepared MWCNTs/TiO2 are illustrated
in Figure 1. In Figure 1a, the XRD diffractogram showed sharp intense peaks at 25.4◦, 36.1◦, 37.8◦,
48◦, 54.3◦, 55.3◦, 63◦, 69◦ and 70◦ for diffraction from {101}, {103}, {004}, {200}, {005}, {105}, {211}, {204},
{116} and {220} planes; respectively, indicating a high crystalline pure tetragonal anatase phase for
TiO2 NPs (JCPDS 01-071-1167). Based on Scherrer’s equation, the crystal size of TiO2 was 9.85 nm.
Additional two peaks at 26.0◦ and 43.6◦ were attributed to {002} and {100} facets of hexagonal graphite
structure of MWCNTs [33] of calculated crystal size 36.17 nm. According to Wen et al. [34], the number
of walls of MWCNTs was estimated to be 11. Interestingly, TiO2 peak at 25.4◦ was overlapping the
main peak of MWCNTs at 26 was observed [34]. The oxide form of titanium was formed as a result of
supplying titanium precursor; TTIP, by the alcoholic solvent, i-PrOH. Besides, anatase formation was
developed by a gradual structural rearrangement of the titanium–oxygen lattice of the amorphous
reactants, and thermal treatment. In addition to the slow reaction rate, an organic species was formed
and acted as a capping agents controlling the crystal growth and influenced particle morphology as
well as assembly behavior [35].
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After calcination, these organic stabilizers were decomposed [9] as confirmatively displayed by
Raman spectrum (Figure 1b). The structural ordering of the nanocomposite was additionally analyzed
by Raman Spectroscopy. Five peaks appeared at 143.8 (Eg), 198.0 (Eg), 395.7 (B1g), 516.6 (A1g + B1g)
and 637.6 (Eg) cm−1 which corresponds to the symmetric active modes of the anatase phase of the
prepared TiO2 NPs. Moreover, two extra distinct bands at 1347 cm−1 and 1575 cm−1 were known as D
band and G band corresponding to the presence of defect sites and the integrity of hexagonal carbon;
respectively. The ratio of D band to G band (ID:IG ≈ 1) indicated the presence of defective walls of
CNTs. Furthermore, a weak shoulder appearing at 1600 cm−1 (G+ band) was also associated with
the defects in the MWCNTs [34]. Figure 1c shows a TEM image illustrated the multi-walled carbon
nanotubes (MWCNTs) with diameters ranging from 20 to 25 nm with a random aggregation of TiO2
particles on CNTs. The defects in the CNT walls can be clearly seen which make the contact between
TiO2 and CNTs easier. These defects appeared after functionalization of MWCNTs by TiO2NPs as
shown in the inset of Figure 1c. This TEM image confirmed the purity of the prepared bare MWCNTs
as predicted by the Raman spectrum (see Figure 1b). The controlled growth of the crystal size during
the drop-wised reaction in addition to the capping effect of the organic species led to uniform particle
morphology [35] as presented by the TEM image (Figure 1c), which shows an irregular spherical
shape NPs within a size range of 35–60 nm. Notably, the observed aggregated NPs were attributed
to the attractive van der Walls forces [36]. Therefore, a large exposed surface area was predicted
for MWCNTs/TiO2 due to their nanosize. The mean external surface area of MWCNTs/TiO2 was
estimated to be 137 m2 g−1. The pore size was in a range of 2–50 nm and the cumulative pore volume
was 0.45 cc g−1 (Figure 1d). Convincingly, the present MWCNTs/TiO2 was described as a mesoporous
material [37].
Optically, Q showed absorbance in the UV-visible region with three identified peaks in its spectrum
at λ204, λ258 and λ374 nm (Figure 2a). According to the Beer–Lambert’s law, the rate of Q relative
recovery percentage by MWCNTs/TiO2 over 36 h was represented by Figure 2b. The relative recovery
of Q by MWCNTs/TiO2 gradually increased to reach its maximum value i.e., 32.45 ± 0.93% of the
dissolved Q after 24 h of incubation time. Definitely, the potentiality of MWCNTs/TiO2 to adsorb Q was
attributed to both the large surface area and its special surface characteristics [38]. The abundant active
sites of CNTs like unsaturated suspending bonds, pentagons carbon loops, and pentagon–heptagon
defect pairs can react with some hydroxyl groups of Q (see inset Figure 2a) resulting in adsorptions.
Besides, Q energetically favored accumulation and assembly on the MWCNT interface due to being
insoluble in water, with a strong hydrophobic property and high interfacial activity [38].
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After introducing Q, there was an increase in the size of nanocomposites from 155.33 ± 32.49
to 200 ± 69.3 nm; Q/MWCNTs/TiO2 was quantified (Figure 3a). The negative charge of the
MWCNTs/TiO2; −8.5 ± 2.95 mV (Figure 3b) was generated from adsorption of water’s hydroxyl
groups on the surface of the nanocomposite [39]. However, in the presence of Q, the negativity of the
nanocomposite upturned into −45.0 ± 20.4 mV (Figure 3b). Likewise other biogenic polyphenols [40],
the improved negativity of Q-based nanocomposite was attributed to five hydroxyl groups of Q [9]
(see the chemical composition of Q inset Figure 2a). Furthermore, the immobilization of Q on
MWCNTs/TiO2 was confirmed by SEM analysis (Figure 3c,d). The higher intensity of the carbon peak
revealed by EDX (inset Figure 3d) was an indicator for the content of Q in the Q-owned nanocomposite
(inset Figure 2a).
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Table 1. haracterization of glass surface after coating by quercetin (Q), titanium dioxide-decorated
multi-walled carbon nanotubes (MWCNTs/TiO2), and quercet n titanium dioxid -d co ated multi-walled
carbon nanotubes nanocomposite (Q/MWCNTs/TiO2). (Mean value ± stranded deviation).
Material Surface Coverage (mg mm−2) Recovery Percentage (%)
Q 27.26 ± 0.22 8.45 ± 0.72
MWCNTs/TiO2 30.33 ± 0.07 × 10−2 68.75 ± 0.01
Q/MWCNTs/TiO2 35.63 ± 1.13 × 10−2 80.63 ± 0.38
The glass slides adsorbed and recovered 68.75 ± 0.01% of the total suspended amount of
MWCNTs/TiO2 adsorbate, producing a surface coverage 33.03 ± 0.07 × 10−2 mg mm−2 (Table 1).
However, the improved efficiency in Q/MWCNTs/TiO2 recovery by glass into 80.63 ± 0.38% to
produce surface coverage of 35.63 ± 1.13 × 10−2 mg mm−2 (Table 1) was a result of the multiple
opportunities of forming H-bonds required for adsorption [29]. Moreover, the water contact angle of
untreated and Q-coated glass surfaces was changed from 60◦ and 64◦ (a hydrophilic feature) to 24◦ and
47◦ (an improved hydrophilic behavior) after coating by MWCNTs/TiO2 and Q/MWCNTs/TiO2
(Figure 4a–d), respectively. The wettability behavior of the uncoated slides was attributed to
the tendency of borosilicate glass to adsorb water owing to their Si-OH group terminated polar
surfaces [41]. However, losing three-fifths of the contact angle value after coverage of the surface by
MWCNTs/TiO2 was related to the interaction of water with CNTs. Briefly, the steep decrease in contact
angle resulted from water condensation inside the CVD tubes based on the superior curvature of the
inner interface of nanotubes and on their surfaces eventually in the space between the tube and the
surface holder [42]. The reported hydrophobicity of Q molecules [43] can contribute to the decrease in
the surface hydrophilicity (see Figure 5b).
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Nevertheless, because of the reported negative charges of the uncoated glass slide [41], the bacterial
cells preferred to attach to the surface rather than the surrounding liquid medium (Figure 6a) with an
estimated biovolume of 155 × 10−2 ± 81.0 µm3 µm−2 after 24 h of the incubation. Indeed, B. subtilis
as a Gram-positive model bacteria had a high degree of hydrophobicity [44] and a great potency for
adhesion. Therefore, the favorable attachment of bacillus cells to the glass surface was attributed to
forming hydrogen bonding [45]. Successfully, B. subtilis can develop on the surface coated by Q with
a biovolume of 133 × 10−2 ± 0.91 µm3 µm−2 (Figure 6b); i.e., biovolume recovery of 85.81 ± 0.58%.
However, the surface coated by TiO2/MWCNTs exhibited a great reduction in the biovolume of
attached cells; 4.7 × 10−2 ± 0.06 µm3 µm−2 (Figure 6c) to produce levels of development that reached
3.03 ± 0.04% after 24 h. Initially, this anti-adhesion was attributed to the electrostatic repulsion [9]
between the negatively charged TiO2/MWCNTs (see Figure 3b) and the negatively charged bacterial
cells leading to weaken the cellular contact with the negatively charged substratum [9,46]. Moreover, the
converse correlation between the bacterial cell attachment of micro-sized cells to nano-scaled surface
(see Figure 3a) [46,47] can be contributing to such protection as the opportunity of cells to lay out
between the narrow distance between nanoparticles was reduced [46]. Furthermore due to the
porosity of TiO2/MWCNTs (see Figure 1d), the bacterial attachment to surfaces was minimized
by small-diameter nanoscale pores [24]. Besides, the high hydrophilicity of the TiO2/MWCNTs
coated surface (see Figure 5b) can efficiently diminish or inhibit bacterial adhesion as a result
of the barrier hydration layer formed on the surface. This was resulted from the surface ability
to take up enormous quantities of free water through both ion solvation and hydrogen bonding
interaction [48]. Curiously, after 24 h of incubation, the surface coated by Q/TiO2/MWCNTs allowed
the biofilm development of laboratory strain B. subtilis 168 with a slightly reduced bio-volume of
53.5 × 10−2 ± 0.71 µm3 µm−2 (Figure 5d) of which the recovery level was 34.52 ± 1.01%. Likewise, the
repulsion between negative charges (see Figure 3b) enabled Q/TiO2/MWCNTs to save the substratum
Materials 2018, 11, 157 8 of 14
from bacterial physical attachment [9,46]. In addition, the relative decrease in attached biovolume of
bacteria to the coated surface by Q/TiO2/MWCNTs was attributed to the improved hydrophilicity of
its surface (see Figure 5c), and the inverse relationship between the bacterial attachment of micro-sized
bacteria to nano-scaled coated surfaces (see Figure 3a) [47]. However a superior value of the charged
Q/TiO2/MWCNTs in comparison to its counterpart was observed, with the former protection being
less effective than the later. Actually, the duplication of water contact angle value of the covered
surface by Q/TiO2/MWCNTs reduced its hydrophilicity (see Figure 5d) which had a negative effect
on the protection level of the substratum.
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3. Discussion
Overall, there was not an approximate potential growth of the bacterial cells on the c at d surfa
by TiO2/MWCNTs. So, such surface can b sed in industries where microbes i uce dangerous effects
like in food, pharmaceuticals, etc. Compared to dark conditions, coating glass slides with a negati el
ch rged TiO2 (either anatase or amorphous) showed a repulsiv activity against physical attachment of
B. subtilis to th surface. Sinc most bact rial g nera are neg tively charged, the electrostatic repulsion
weakened the cellular co tact with the negatively charged substratum [9]. T se nanocrystals can
minimiz the cont ct area between the bacterium and the surfac leading to a reduction of bacterial
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adhesion [46]. However, quercetin had an impact on zeta potential and adsorption capacity of
crystalline metal oxides; other experiments showed that the presence of Q has a meaningful impact on
the ability of B. subtilis to develop a biofilm and consequently the application of the prepared materials.
Interestingly, in comparison to the biomass growth on the uncoated glass, around two-thirds of the
B. subtilis biovolume can develop on the coated surface by Q/TiO2/MWCNTs. Certainly, quercetin
2,3-dioxygenase was reported to be secreted by B. subtilis. This enzyme was described to be involved
in the resistance mechanism of this bacteria. In addition, Q with its low water solubility, can
provide opportunities for bacterial development. Such conductive bio-inspired nanocomposites in
the presence of surface attached bacteria has a promising applicability in bio-electrochemical systems.
Particularly, B. subtilis can generate electricity [49] and grow anaerobically [50]. Hence, examining the
efficiency of such bio-electrodes to generate bio-energy will be an exciting prospective step.
4. Materials and Methods
4.1. Preparation of Nanomaterials
A composite of TiO2 nanoparticles and multi-walled carbon nanotubes (MWCNTs/TiO2) was
prepared via sol-gel method [51]. Briefly, a 0.03 g of purified MWCNTs (EPRI) was added to a
mixture of titanium (IV) isopropoxide (TTIP, Aldrich, St. Louis, MO, USA) and acidified isopropanol
(i-PrOH, Fisher, Hampton, NH, USA) within a ratio 4:5 and pH range ~2. The mixture was sonicated
for 40 min followed by adding a diluted i-PrOH under vigorous stirring for 30 min at 25 ◦C.
Stirring for the resulting colloidal solution continued for 1 h until sol was developed, followed by
aging overnight to form the corresponding gel. The sample was dried at 120 ◦C in oven and annealed
at 450 ◦C to induce the phase transformation to crystalline anatase TiO2 while retaining the structural
integrity of the CNTs [52]. Remarkably, the multi-walled carbon nanotubes (MWCNTs), have been
synthesized via the Catalytic Chemical Vapor Deposition (CCVD) process [33]. To avoid nanoparticles
agglomeration, MWCNTs were purified before through washing by strong acid (37% HCL, Aldrich).
Furthermore, Q was immobilized on MWCNTs/TiO2 by dispersing a known weight of MWCNTs/TiO2
in the Q [1 × 10−3 M] solution under sonication for 5 min followed by shaking (100 rpm) at room
temperature over a time range stating from 3 h to 36 h. After the incubation time, Q/MWCNTs/TiO2
was collected by centrifugation and washed 3 times by water then left for drying at 100 ◦C.
4.2. Characterization of Nanomaterials
The phases of prepared materials were identified by powder X-ray Diffraction (XRD) analysis
using Analytical X’PERT PROMPD X-ray diffractometer, CuKα radiation of wavelength λ = 0.15406 nm,
rating of 40 KV, 40 mA, step size = 0.02 and scan step time of 0.4 s in the 2θ range 20–80. The crystalline
phases were matched to Joint Committee on Powder Diffraction Standards (JCPDS). The crystal size





where; D symbolizes the average crystallite size (nm) of x; TiO2 or MWCNTs, β is the width of the
peak at half maximum intensity (FWHM) of the main peak of anatase phase in radians and λ is the
X-ray wavelength (λ = 0.154056 nm). The number of graphitic wall (N) of MWCNTs is calculated by





The characteristic spectra of MWCNTs/TiO2 were recognized by the dispersive Raman
Microscopy (Model Sentera, Bruker, Germany) of power l0 mW at laser wavelength of 532 nm (doubled
Nd:YAG; Neodymium-doped Ytrium Aluminum Garnet, Laser). MWCNTs/TiO2 was checked using
Transmission Electron Microscopy (TEM; JEOL JEM-2000EX Tokyo, Japan) to detect their morphology.
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The surface area of the MWCNTs/TiO2 was measured from nitrogen adsorption-desorption isotherms
at liquid nitrogen temperature (77 K) using a Quantachrome AS1Win version 2.01 instrument.
The samples were out-gassed for 3 h at 150 ◦C. The Brunauer–Emmett–Teller (BET) method was
used for surface area calculation, while pore size distribution (pore diameter and volume) were
determined by the Barrett–Joyner–Halenda (BJH) method. The concentration of adsorbed Q by
MWCNTs/TiO2 (c) was characterized over time (36 h) optically using UV-Visible spectrophotometry
applying Beer–Lambert’s law at λ258 nm for the absorbance (A), the molar absorptivity of Q (ε) is
562.341 cm2 mol−1 [54] and a path length of the sample (b) is 1 cm according to the relation:
A = ε b c (3)





where A0 is the absorbance of Q at 0 time. The hydrodynamic diameter and zeta potential of the
prepared nanomaterials were identified by dynamic light scattering spectroscopy (DLS; Malvern
Instruments Ltd., Worcestershire, UK). The functionalization of MWCNTs/TiO2 by Q was tested by
scanning electron microscopy (SEM, Tarrytown, NY, USA) combined by Energy Dispersive X-ray
detector (EDX, Bruker, Madison, WI, USA).
4.3. Coating Glass Surface and Characterization
Under sonication for 10 min, the glass cover-slides (22 mm × 22 mm × 0.17 mm) were cleaned by
triplicate washing with deionized water, ethanol, and acetone. After drying, the polished slides were
dipped in an aqueous suspension of tested materials [1 × 10−3 M] for 3 h. The coverslips were dried
in an oven at 100 ◦C. The mass of coating NPs (m) was estimated gravimetrically [55] as:
m(mg) = m′′ −m′ (5)
where; m′ and m” are the mass of the cleaned glass slide before and after immersing in the tested








Mwt. is the molecular weight of the tested nanomaterials. The recovery rate of the tested materials by
the glass slide were characterized over time (4 h). Surface coverage (Γ) expressed in mg mm−2 was





where, S is the total surface area of glass slide. Measuring the static contact angle of distilled water;
JT Baker, HPLC grade, (θ) to the coated surfaces was performed applying the sessile drop technique
using a Tantec line of contact angle meter apparatus (Germany).
4.4. Induced Biofilm Development Test
Bacteria cultivation: Overnight LB (Lysogeny Broth, LB-Lennox, 10 g L−1 tryptone, 5 g L−1 yeast
extract, 5 g L−1 NaCl, pH 7.0, Carl Roth, Germany) grown culture of green fluorescently labelled
B. subtilis 168 [56], was used as an inoculum (1% in 4 mL media) for biofilm growth medium (BGM;
LB supplemented with 0.15 mol L−1 (NH4)2SO4, 100 mmol L−1 KxHyPO4 (pH 7.0), 34 mmol L−1
Na-citrate, 1 mmol L−1 MgSO4, 0.1% glucose, and 0.1 mmol L−1 MnCl2) in polystyrene petri dishes
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containing treated glass cover slides as described previously [9]. The plates were incubated at 30 ◦C in
a static condition. Every 12 h, the medium was changed and replaced by fresh BGM in order to select
specifically for the adhered cells [57].
Microscopy: After 24 h, the tested slides were collected from the petri dishes, placed on microscopy
glass slides and then covered with coverslips (24 × 50 mm). A layer of nail polish was applied on the
corner of the coverslips in order to fix this arrangement. The slides were then observed using Zeiss
LSM780 Confocal Laser-Scanning Microscopy (CLSM) fitted with a 488-nm laser an EC Plan-Neofluar
63× oil immersion objective (Carl Zeiss Microscopy GmbH, Jena, Germany). About 6–10 independent
locations were selected and recorded at random positions on the glass slides from independent
duplicated samples. The image stacks were analyzed using Comstat script [58] and the biomass of the
attached cells was estimated from the calculated intensities.
Percentage of biovolume recovery: The percentage of biovolume recovery of B. subtilis on a coated
surface, was evaluated based on the ratio between the biovolume developed by B. subtilis on coated
surface (C) by nano-agent (x; Q, MWCNTs/TiO2 or Q/MWCNTs/TiO2) and uncoated glass slide (U)
by the previously used equation [9]:





In summary, glass surfaces were coated with titanium dioxide-decorated multi-walled carbon
nanotubes and quercetin titanium dioxide-decorated multi-walled carbon nanotubes nanocomposites
to study the behavior of Bacillus subtilis biofilm development. Our results indicated that coating
surfaces with titanium dioxide-decorated multi-walled carbon nanotubes changed the hydrophilicity
of uncoated surfaces into super hydrophilicity and, in turn, protected the surface from bacterial
adhesion. However, coating surfaces with quercetin titanium dioxide-decorated multi-walled carbon
nanotubes nanocomposites improved the hydrophilicity of the glass surface to some extent and
increased the relative efficiency of bacterial adhesion. The production of such bio-inspired conductive
mesoporous nanomaterials is important for electrode applications such as microbial fuel cells.
Acknowledgments: Diana S. Raie was hosted by Nanobiophotonic Department, Leibniz Institute of Photonic
Technology (IPHT) through PLASMON-BIONANOSENSE exchange grant (New Approaches to Biochemical
Sensing with Plasmonic Nanobiophotonics) which sponsored by European Science Foundation: ESF Research
Networking Program. Eisha Mhatre was a scholarship holder from JSMC (Jena School for Microbial
Communication). MWCNTs were kindly provided by A.E. Awadallah; Professor of Petroleum Chemistry at
Egyptian Petroleum Research Institute (EPRI).
Author Contributions: Diana S. Raie and Ákos T. Kovács conceived the study; Diana S. Raie prepared and
characterized the nanocomposites and the surfaces; Eisha Mhatre performed the biofilm cultivations, the CLSM
experiments and biovolume determination; Doaa S. El-Desouki supervised the nano-composite preparation and
characterization; Ahmed Labena, Gamal El-Ghannam, Laila A Farahat, Tareq Youssef, and Wolfgang Fritzsche
jointly supervised the nanocomposite experiments; Diana S. Raie and Ákos T. Kovács wrote the paper; all authors
reviewed the manuscript; Diana S. Raie and Eisha Mhatre contributed equally to this work; Diana S. Raie is the
corresponding author on the nanocomposite experiments; Ákos T. Kovács is the corresponding author on the
biofilm experiments.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Dragoš, A.; Kovács, Á.T. The Peculiar Functions of the Bacterial Extracellular Matrix. Trends Microbiol. 2017,
25, 257–266. [CrossRef] [PubMed]
2. Vlamakis, H.; Chai, Y.; Beauregard, P.; Losick, R.; Kolter, R. Sticking together: Building a biofilm the Bacillus
subtilis way. Nat. Rev. Microbiol. 2013, 11, 157–168. [CrossRef] [PubMed]
Materials 2018, 11, 157 12 of 14
3. Seiffert, F.; Bandow, N.; Bouchez, J.; Von Blanckenburg, F.; Gorbushina, A.A. Microbial colonization of
bare rocks: Laboratory biofilm enhances mineral weathering. Procedia Earth Planet. Sci. 2014, 10, 123–129.
[CrossRef]
4. Lan, S.; Wu, L.; Yang, H.; Zhang, D.; Hu, C. A new biofilm based microalgal cultivation approach on
shifting sand surface for desert cyanobacterium Microcoleus vaginatus. Bioresour. Technol. 2017, 238, 602–608.
[CrossRef] [PubMed]
5. Ma, W.; Peng, D.; Walker, S.L.; Cao, B.; Gao, C.H.; Huang, Q.; Cai, P. Bacillus subtilis biofilm development in
the presence of soil clay minerals and iron oxides. NPJ Biofilms Microbiomes 2017, 3, 4. [CrossRef] [PubMed]
6. Labena, A.; Hegazy, M.A.; Horn, H.; Muller, E. The biocidal effect of a novel synthesized gemini surfactant
on environmental sulfidogenic bacteria: Planktonic cells and biofilms. Mater. Sci. Eng. C 2015, 47, 367–375.
[CrossRef] [PubMed]
7. Beloin, C.; Fernández-Hidalgo, N.; Lebeaux, D. Understanding biofilm formation in intravascular
device-related infections. Intensive Care Med. 2017, 43, 443–446. [CrossRef] [PubMed]
8. Besseling, E.; Quik, J.T.K.; Sun, M.; Koelmans, A.A. Fate of nano- and microplastic in freshwater systems:
A modeling. Environ. Pollut. 2017, 220, 540–548. [CrossRef] [PubMed]
9. Raie, D.S.; Mhatre, E.; Thiele, M.; Labena, A.; El-Ghannam, G.; Farahat, L.A.; Youssef, T.; Fritzsche, W.;
Kovács, Á.T. Application of quercetin and its bio-inspired nanoparticles as anti-adhesive agents against
Bacillus subtilis attachment to surface. Mater. Sci. Eng. C 2017, 70, 753–762. [CrossRef] [PubMed]
10. Lim, H.K.; Byun, S.H.; Woo, J.M.; Kim, S.M.; Lee, S.M.; Kim, B.J.; Kim, H.E.; Lee, J.W.; Kim, S.M.; Lee, J.H.
Biocompatibility and Biocorrosion of Hydroxyapatite-Coated Magnesium Plate: Animal Experiment.
Materials 2017, 10, 1149. [CrossRef] [PubMed]
11. Labena, A.; Hegazy, M.A.; Horn, H.; Müller, E. Sulfidogenic-corrosion inhibitory effect of cationic monomeric
and gemini surfactants: Planktonic and sessile diversity. RSC Adv. 2016, 6, 42263–42278. [CrossRef]
12. Ramesh, T.; Nayak, B.; Amirbahman, A.; Tripp, C.P.; Mukhopadhyay, S. Application of ultraviolet light
assisted titanium dioxide photocatalysis for food safety: A review. Innov. Food Sci. Emerg. Technol. 2016, 38,
105–115. [CrossRef]
13. Wang, J.; Liu, M.; Xiao, H.; Wu, W.; Xie, M.; Sun, M.; Zhu, C.; Li, P. Bacterial community structure in cooling
water and biofilm in an industrial recirculating cooling water system. Water Sci. Technol. 2013, 68, 940–947.
[CrossRef] [PubMed]
14. Cao, S.; Wang, J.; Chen, H.; Chen, D. Progress of marine biofouling and antifouling technologies.
Chin. Sci. Bull. 2011, 56, 598–612. [CrossRef]
15. Shah, R. The Antibacterial Properties of Brookite Phase Titanium Dioxide Nanoparticles against
Methicillin-Resistant Staphylococcus aureus. Ph.D. Thesis, Clemson University, Clemson, SC, USA, 2007.
16. Schneider, I.; Topalova, Y. Microbial Structure and Functions of Biofilm during Wastewater Treatment in the
Dairy Industry. Biotechnol. Biotechnol. Equip. 2013, 27, 3782–3786. [CrossRef]
17. Cresson, R.; Carr, H.; Delgen, J.P.; Bernet, N. Biofilm formation during the start-up period of an anaerobic
biofilm reactor—Impact of nutrient complementation. Biochem. Eng. J. 2006, 30, 55–62. [CrossRef]
18. Demirel, B.; Yenigun, O.; Onay, T.T. Anaerobic treatment of dairy wastewaters: A review. Process Biochem.
2005, 40, 2583–2595. [CrossRef]
19. Gajda, I.; Stinchcombe, A.; Greenman, J.; Melhuish, C.; Ieropoulos, I. Microbial fuel cell—A novel
self-powered wastewater electrolyser for electrocoagulation of heavy metals. Int. J. Hydrogen Energy
2017, 42, 1813–1819. [CrossRef]
20. Srinophakun, P.; Thanapimmetha, A.; Plangsri, S.; Vetchayakunchai, S.; Saisriyoot, M. Application of
modified chitosan membrane for microbial fuel cell: Roles of proton carrier site and positive charge.
J. Clean. Prod. 2017, 142, 1274–1282. [CrossRef]
21. Tamilarasan, K.; Banu, J.R.; Jayashree, C.; Yogalakshmi, K.N.; Gokulakrishnan, K. Effect of organic loading
rate on electricity generating potential of upflow anaerobic microbial fuel cell treating surgical cotton
industry wastewater. J. Environ. Chem. Eng. 2017, 5, 1021–1026. [CrossRef]
22. Park, Y.; Park, S.; Nguyen, V.K.; Yu, J.; Torres, C.I.; Rittmann, B.E.; Lee, T. Complete nitrogen removal by
simultaneous nitrification and denitrification in flat-panel air-cathode microbial fuel cells treating domestic
wastewater. Chem. Eng. J. 2017, 316, 673–679. [CrossRef]
23. Garrett, T.R.; Bhakoo, M.; Zhang, Z. Bacterial adhesion and biofilms on surfaces. Prog. Nat. Sci. 2008, 18,
1049–1056. [CrossRef]
Materials 2018, 11, 157 13 of 14
24. Feng, G.; Cheng, Y.; Wang, S.Y.; Borca-Tasciuc, D.A.; Worobo, R.W.; Moraru, C.I. Bacterial attachment and
biofilm formation on surfaces are reduced by small-diameter nanoscale pores: How small is small enough?
NPJ Biofilms Microbiomes 2015, 1, 15022–15030. [CrossRef] [PubMed]
25. Sotiri, I.; Overton, J.C.; Waterhouse, A.; Howell, C. Immobilized liquid layers: A new approach to
anti-adhesion surface for medical applications. Exp. Biol. Med. 2016, 241, 909–918. [CrossRef] [PubMed]
26. Zhang, M.; Zhang, T.; Cui, T. Wettability conversion from superoleophobic to superhydrophilic on
titania/single-walled carbon nanotube composite coatings. Langmuir 2011, 27, 9295–9301. [CrossRef]
[PubMed]
27. Kim, Y.; Hwang, H.M.; Wang, L.; Kim, I.; Yoon, Y.; Lee, H. Solar-light photocatalytic disinfection using
crystalline/amorphous low energy bandgap reduced TiO2. Sci. Rep. 2016, 6, 25212. [CrossRef] [PubMed]
28. Rabie, G.H.; Hegazy, H.S.; Shaban, L.D.; Raie, D.S. Extracellular Bio-synthesis of Bio-active Nano-silver
Using Alfalfa Seedling. Res. J. Pharm. Biol. Chem. Sci. 2015, 6, 87–93.
29. Halo, M.; Ferrari, A.M.; Berlier, G.; Miletto, I.; Casassa, S. Experimental and first-principles IR characterization
of quercetin adsorbed on a silica surface. Theor. Chem. Acc. 2016, 135, 123. [CrossRef]
30. Sun, S.; Zhang, M.; Li, Y.; He, X. A molecularly imprinted polymer with incorporated Graphene oxide for
electrochemical determination of quercetin. Sensors 2013, 13, 5493–5506. [CrossRef] [PubMed]
31. EFSA. Scientific Opinion on the substantiation of health claims related to quercetin and protection of DNA,
proteins and lipids from oxidative damage (ID 1647), “cardiovascular system” (ID 1844), “mental state and
performance” (ID 1845), and “liver, kidneys” (ID 1846) pursuant to Article 13(1) of Regulation (EC) No
1924/2006. EFSA J. 2011, 9, 2067.
32. Chen, Y.; Yan, F.; Chai, Y.; Liu, H.; Kolter, R.; Losick, R.; Guo, J.H. Biocontrol of tomato wilt disease by Bacillus
subtilis isolates from natural environments depends on conserved genes mediating biofilm formation.
Environ. Microbiol. 2013, 15, 848–864. [CrossRef] [PubMed]
33. Awadallah, A.E.; Abdel-Hamid, S.M.; El-Desouki, D.S.; Aboul-Enein, A.A.; Aboul-Gheit, A.K. Synthesis of
carbon nanotubes by CCVD of natural gas using hydrotreating catalysts. Egypt. J. Pet. 2012, 21, 101–107.
[CrossRef]
34. Wen, Z.; Ci, S.; Mao, S.; Cui, S.; Lu, G.; Yu, K.; Luo, S.; He, Z.; Chen, J. TiO2 nanoparticles-decorated carbon
nanotubes for significantly improved bioelectricity generation in microbial fuel cells. J. Power Sources 2013,
234, 100–106. [CrossRef]
35. Niederberger, M. Nonaqueous Sol–Gel Routes to Metal Oxide Nanoparticles. Acc. Chem. Res. 2007, 40,
793–800. [CrossRef] [PubMed]
36. Derjaguin, B.; Landau, L. Theory of the stability of strongly charged lyophobic sols and of the adhesion of
strongly charged particles in solutions of electrolytes. Prog. Surf. Sci. 1941, 14, 633–662. [CrossRef]
37. Pina-Salazar, E.Z.; Kaneko, K. Adsorption of water vapor on mesoporosity-controlled singe wall carbon
nanohorn. Colloids Interface Sci. Commun. 2015, 5, 8–11. [CrossRef]
38. Lin, X.Q.; He, J.B.; Zha, Z.G. Simultaneous determination of quercetin and rutin at a multi-wall
carbon-nanotube paste electrodes by reversing differential pulse voltammetry. Sens. Actuators B 2006,
119, 608–614. [CrossRef]
39. Suttiponparnit, K.; Jiang, J.; Sahu, M.; Suvachittanont, S.; Charinpanitkul, T.; Biswas, P. Role of Surface
Area, Primary Particle Size, and Crystal Phase on Titanium Dioxide Nanoparticle Dispersion Properties.
Nanoscale Res. Lett. 2011, 6, 27–34. [CrossRef] [PubMed]
40. Hegazy, H.S.; Shabaan, L.D.; Rabie, G.H.; Raie, D.S. Biosynthesis of silver nanoparticles using cell free callus
exudates of Medicago sativa L. Pak. J. Bot. 2015, 47, 1825–1829.
41. Sumner, A.L.; Menke, E.J.; Dubowski, Y.; Newberg, J.T.; Penner, R.M.; Hemminger, J.C.; Wingen, L.M.;
Brauers, T.; Finlayson-Pitts, B.J. The nature of water on surfaces of laboratory systems and implications for
heterogeneous chemistry in the troposphere. Phys. Chem. Chem. Phys. 2004, 6, 604–613. [CrossRef]
42. Mattia, D.; Rossi, M.P.; Kim, B.M.; Korneva, G.; Bau, H.H.; Gogotsi, Y. Effect of graphitization on the
wettability and electrical conductivity of CVD-carbon nanotubes and films. J. Phys. Chem. B 2006, 110,
9850–9855. [CrossRef] [PubMed]
43. Pillai, S.A.; Bharatiya, B.; Casas, M.; Lage, E.V.; Sandez-Macho, I.; Pal, H.; Bahadur, P. A multitechnique
approach on adsorption, self-assembly and quercetin solubilization by Tetronics® micelles in aqueous
solutions modulated by glycine. Colloids Surf. B 2016, 148, 411–421. [CrossRef] [PubMed]
Materials 2018, 11, 157 14 of 14
44. Malanovic, N.; Lohner, K. Gram-positive bacterial cell envelopes: The impact on the activity of antimicrobial
peptides. Biochim. Biophys. Acta 2016, 1858, 936–946. [CrossRef] [PubMed]
45. Thwala, J.M.; Li, M.; Wong, M.C.; Kang, S.; Hoek, E.M.; Mamba, B.B. Bacteria-polymeric membrane
interactions: Atomic force microscopy and XDLVO predictions. Langmuir 2013, 29, 13773–13782. [CrossRef]
[PubMed]
46. Lorenzetti, M.; Dogša, I.; Stošicki, T.; Stopar, D.; Kalin, M.; Kobe, S.; Novak, S. The Influence of Surface Modi
fi cation on Bacterial Adhesion to Titanium-Based Substrates. ACS Appl. Mater. Interfaces 2015, 7, 1644–1651.
[CrossRef] [PubMed]
47. Wang, Y.; Subbiahdoss, G.; Swartjes, J.; van der Mei, H.C.; Busscher, H.J.; Libera, M. Length-scale mediated
differential adhesion of mammalian cells and microbes. Adv. Funct. Mater. 2011, 21, 3916–3923. [CrossRef]
48. Wang, L.; Li, G.; Lin, Y.; Zhang, Z.; Chen, Z.; Wu, S. Polymer Chemistry based on interfacial thiol—Ene
photoclick catechol anchor group and zwitterionic betaine. Polym. Chem. 2016, 7, 4964–4974. [CrossRef]
49. Nimje, V.R.; Chen, C.Y.; Chen, C.C.; Jean, J.S.; Reddy, A.S.; Fan, C.W.; Pan, K.Y.; Liu, H.T.; Chen, J.L. Stable
and high energy generation by a strain of Bacillus subtilis in a microbial fuel cell. J. Power Sources 2009, 190,
258–263. [CrossRef]
50. Chumsakul, O.; Anantsri, D.P.; Quirke, T.; Oshima, T.; Nakamura, K.; Ishikawa, S.; Nakano, M.M.
Genome-Wide Analysis of ResD, NsrR, and Fur Binding in Bacillus subtilis during Anaerobic Fermentative
Growth by In Vivo Footprinting. J. Bacteriol. 2017, 199, e00086-17. [CrossRef] [PubMed]
51. Awadallah, A.E.; Aboul-Enein, A.A.; Yonis, M.M.; Aboul-Gheit, A.K. Effect of structural promoters on the
catalytic performance of cobalt based catalysts during natural gas decomposition to hydrogen and carbon
nanotubes. Fuller. Nanotub. Carbon Nanostruct. 2015, 24, 181–189. [CrossRef]
52. Zhang, Y.; Guerra-Nuñez, C.; Li, M.; Michler, J.; Park, H.G.; Rossell, M.D.; Erni, R.; Utke, I. High Conformity
and Large Domain Monocrystalline Anatase on Multiwall Carbon Nanotube Core-Shell Nanostructure:
Synthesis, Structure, and Interface. Chem. Mater. 2016, 28, 3488–3496. [CrossRef]
53. Grassi, G.; Scala, A.; Piperno, A.; Iannazzo, D.; Lanza, M.; Milone, C.; Pistone, A.; Galvagno, S. A facile
and ecofriendly functionalization of multiwalled carbon nanotubes by an old mesoionic compound.
Chem. Commun. (Camb.) 2012, 48, 6836–6838. [CrossRef] [PubMed]
54. Lee, E.H.; Meissner, G.; Kim, D.H. Effects of quercetin on single Ca(2+) release channel behavior of skeletal
muscle. Biophys. J. 2002, 82, 1266–1277. [CrossRef]
55. Pemberton, J.E.; Wood, L.L.; Ghoman, G.S. Determination of Surface Coverage of an Adsorbate on Silica
Using FTIR Spectroscopy. J. Chem. Educ. 1999, 76, 253. [CrossRef]
56. Van Gestel, J.; Weissing, F.J.; Kuipers, O.P.; Kovács, A.T. Density of founder cells affects spatial pattern
formation and cooperation in Bacillus subtilis biofilms. ISME J. 2014, 8, 2069–2079. [CrossRef] [PubMed]
57. Mhatre, E.; Troszok, A.; Gallegos-Monterrosa, R.; Lindstädt, S.; Hölscher, T.; Kuipers, O.P.; Kovács, Á.T.
The impact of manganese on biofilm development of Bacillus subtilis. Microbiology 2016, 162, 1468–1478.
[CrossRef] [PubMed]
58. Heydorn, A.; Nielsen, A.T.; Hentzer, M.; Sternberg, C.; Givskov, M.; Ersbøll, B.K.; Molin, S. Quantication of
biofilm structures by the novel computer program. Microbiology 2000, 146, 2395–2407. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
